This study seeks to identify mechanisms underlying vaccination exemption clusters. First, we explore how the discredited association between vaccines and autism might have affected the spatial patterns of exemptions. Despite the importance of the vaccine-autism controversy to the current wave of anti-vaccine movement, this is the first study to use address-level data of autism prevalence to study its relationship with exemption clusters. Like vaccination exemptions, autism clusters spatially (6, 7) and have a positive socioeconomic (SES) gradient (8, 9) . While many studies demonstrated that vaccines do not cause autism (see 10), a substantial number of parents are still concerned about the alleged link (11, 12 seek PBEs is sufficient to generate the positive SES gradient.
We measure SES by the average maternal education level and property values within the school's 500-child radius described above. Education is measured as the highest California's Department of Education provides enrollment breakdowns by race/ethnicity for public schools and are used to calculate white isolation indices (32) at the school district level. 5 These indices measure the extent to which non-Hispanic white students are exposed only to one another. Population density is interpolated using the Censuses' blockgroup level data and logged.
Analysis
We conduct our analysis in two stages. First, we use negative binomial regression with random effects to yield baseline estimates of covariates' effects on the annual counts of PBEs at the school-level. 6 All covariates are lagged 3 and 6 years for childcare centers and kindergartens, respectively, to account for the majority of vaccination decisions taking place before a child enters school. 7
After obtaining the school-level estimates described above, our main analysis uses Kulldorff Spatial Scan Statistic (33) to map clusters of high PBE rates among public schools, 8 adjusting for the spatial distributions of the covariates. Maximum likelihood estimation identifies circular areas that encompass schools with an increased probability of PBEs compared to the state-wide PBE rate. Certainly, not all schools inside the clusters 5 Isolation index at the school board level is used for the eight school boards of the Los Angeles Unified School District due to its large size. 6 Individual-level data on PBEs are unavailable due to privacy concerns. Expected count of PBEs (u ij ) is calculated as:
where schools are indexed by i and year by j, log(t ij ) is the logged number of enrolled students (exposure), α is the global intercept, x ij is a vector of lagged independent covariates measured by school and year with β estimated covariate effects, z is a set of indicator variables for year with γ estimated effects, and υ ij is the error term, composed of ν i~N (0,σν 2 ) and ε ij~N (0,σ 2 ). 7 Using different time lags, or no lag at all, does not substantially change the results (see Table A1 in Appendix for results using a 5-year lag; results from other models are available upon request).
have high PBE rates. However, this method systematically identifies areas in which all children have a heightened risk of exposure to non-vaccinated children (34). Table 1 shows the results of our school-level model. Count of autism diagnoses has the expected positive effect on PBEs at the school level. Count of acupuncturists is statistically insignificant once the other covariates are included in the model. PBE rates increase with physician density, which is consistent with a previous study (28). 9 Maternal education and percentage non-Hispanic white have the expected positive associations with PBEs. Property values are not associated with PBEs once the effects of other covariates are controlled for.
RESULTS

School-Level Correlates
[ Table 1 ]
PBE Pockets
We now turn to our main questions: are the large PBE pockets spanning multiple schools the product of the spatial distributions of socio-demographic factors? Are local autism rates associated with the locations of the large PBE clusters?
Herd immunity requires immunization levels of about 90%-higher for extremely infectious diseases, e.g., pertussis, and slightly lower for others (35). In 2014, the average PBE rate among kindergarteners in California was still far below 10%.
Yet the concentration of PBEs in a small number of schools is the issue. Private schools, particularly those adopt alternative education methods, have been shown to have higher rates of PBEs than public schools (26, 36) . The average PBE rates in California's private schools and non-charter public schools in 2014 were 5.2% and 2.1%, respectively.
The average PBE rate of charter schools was as high as 7.5%, even higher than private schools. The Lorenz curves in Figure 2 show that, within each school type, schools comprising of 20% of students contribute to as much as 70% of PBEs.
[ Figure 1 ]
The shaded circular regions in Figure 1A show where the high-risk areas are located without adjusting for any covariates: they have statistically significantly higher relative risk of PBEs than the non-shaded areas. These clusters of high PBE rates among public schools were not confined in certain areas but distributed all across the state, from the sparsely populated area in the north, to areas in the Central Valley, to coastal urban centers (e.g., San Francisco, Santa Clara, Santa Barbara, Los Angeles, and San Diego). Autism and Pertussis. Adjusting for spatial distribution of children with autism has almost no effect on the PBE pockets spanning multiple schools ( Figure 1B ), even though proximity to children with autism has a statistically significant effect in the school-level model. The major spatial cluster of autism was located in Los Angeles (6). In contrast, high PBE rates are found in other cities across California.
It is possible that the saliency of autism is not about knowing a child with autism but its advocacy. Our alternative specification uses count of autism awareness organizations. Because the count of organizations is at the county level, we used a threelevel mixed-effects Poisson model. The result shows that the locations of autism advocacy organizations have no statistically significant effect on PBEs (Table A2 in Appendix).
The same three-level mixed-effects model also shows that the association between pertussis outbreaks at the county level and PBEs is in the expected direction. An additional case of pertussis per 1000 among children aged 0-6 decreases PBE rates by 3.8%, net of other factors. However, the effect is only marginally significant statistically (p=0.086).
Proximity to health care practitioners. Adjusting for the locations of chiropractors and acupuncturists has almost no effect on the large pockets of PBEs ( Figure 1C ).
Adjusting for counts of physicians similarly has negligible effect ( Figure 1D ).
Socio-demographic factors. Figure 1E shows that controlling for maternal education has a surprisingly small impact on the multiple-school clusters despite its strong association with PBE rates in the school-level model. In contrast, Figure 1F shows that while logged property values are not associated with PBEs at the school level, adjusting for their spatial distribution reduces the size of the clusters in the coastal urban areas.
Controlling for logged population density shrinks some of the clusters, especially the cluster in the north ( Figure 1G ).
Among the covariates, adjusting for the percentage of non-Hispanic white has the most substantial impact in reducing both the number and sizes of PBE clusters ( Figure   1H ). This strong percent white effect is consistently observed across years ( Figure A1 in Appendix) and therefore cannot be explained by idiosyncrasies of the 2014 data.
Exploring the percent white effect. Why does percent non-Hispanic white have such a strong impact while mother's years of education, which has a substantial effect size in the school level model, has almost no impact on reducing multiple-school clusters? In theory, any PBE-related spatial processes spanning multiple schools and correlated with percent non-Hispanic white could be responsible. The diffusion of vaccine skepticism over racially homophilous (i.e., similar) social networks is an example. We later discuss why there are reasons to expect spatially embedded, dense social networks are particularly relevant to vaccine refusals. While our data do not allow us to directly test the social diffusion of vaccine skepticism, the following robustness checks attempt to address some of the alternative explanations.
First, we examine the effect of percent white in a homogeneous population with regard to SES-children in Head Start programs. Percent non-Hispanic white could be associated with unmeasured SES. To be eligible for Head Start, families generally must earn less than or equal to the federal poverty line. If the percent non-Hispanic white result in Figure 1H is merely picking up unmeasured SES effects, we should expect it to have no effect on PBE rates among Head Starts.
However, Figure 3A shows the opposite result-among all school types, percentage non-Hispanic white has the strongest effect on Head Starts' PBE rates. A 10% increase in percent non-Hispanic white in the area around a Head Start is associated with on average a 37% increase in PBEs, controlling for the effects of other covariates.
[ Figure 3 ] Second, we ask whether the percent white effect on the clustering of PBEs could be explained by residual segregation patterns. If families are more segregated by race/ethnicity than education, it could explain why mother's years of education only have localized effects. We calculated Moran's I, a spatial correlation statistic, at the Census block-group level for both mother's education and percent non-Hispanic white. According to Moran's I, California was similarly segregated by being non-Hispanic white and by mother's years of education (results available upon request). Hence, residential segregation alone cannot explain the substantial percent white effect on PBE pockets.
The above analysis does not mean that racial segregation does not matter. It just shows that segregation patterns alone do not explain why the effect of percent white can span large areas than that of mother's years of education. In fact, Table A4 in the Appendix confirms that school districts with greater isolation of non-Hispanic white children (i.e., a high isolation index) have higher PBE rates than those districts that are more racially mixed.
Third, we test whether school-district factors may be responsible for the spatial association between non-Hispanic white population and PBEs. School district boundaries do not structure enrollment in child care centers and therefore should not influence their PBE rates. However, Figure 3B shows child care centers near kindergarten PBE clusters are more likely to have high PBE rates, controlling for the effects of socio-demographic variables. It is possible that this result was driven by unvaccinated kindergarteners having siblings that are also unvaccinated in nearby child care centers. It is less common, however, to have one sibling go to a public school while the other attends a private school.
We repeated the same analysis with private schools and still find PBE rates of private schools to be statistically significantly higher if they are close to public kindergarten PBE clusters ( Figure 3C ).
Charter Schools. Figure 1I shows the effects of adjusting for all covariates. 48% of the PBE clusters still consist of multiple schools, although they now cover much smaller areas. Among the multi-school clusters, 87.5% include at least one charter school.
To test whether the spatial clusters are mainly driven by the charter schools, we removed them from the analysis and examined the PBE clusters only among non-charter public schools ( Figure A2 in the Appendix). Adjusted for the spatial distributions of all covariates, PBEs continue to be unevenly distributed across non-charter public schools, with some clusters in the same locations as when charter schools are included.
We use our longitudinal data to test for potential spillovers from charter to noncharter schools: Table A5 in Appendix reports the effect of the opening of a charter school on PBE rates in nearby public schools. A fixed effects model shows that the public schools in PBE clusters have statistically significantly higher PBE rates the year after the opening of the charter school in the cluster than the year before.
DISCUSSION
As of 2016, 47 U.S. states permit religious and/or philosophical exemptions (37).
California now prohibits PBEs. However, disallowing PBEs seems to have driven some parents to medical exemptions (38). Banning PBEs could also concentrate unvaccinated children in independent study schools (39, 40) . It is often assumed that spatial clustering of behaviors is merely the result of population composition or uneven health care access; our findings suggest that it is not the case for PBEs. Moreover, the effects of sociodemographic factors are shown to have different geographical span. The implication is that the spatial patterns of PBEs are likely the combined result of social processes operating at varying geographical scales. Interventions that go beyond the individual-level and address these social processes are needed to prevent exemption pockets.
Specifically, the seemingly unexplained increase in autism diagnoses (but see 8, 41) has fueled popularity of the belief that vaccines can cause autism. Not surprisingly, parents who file PBEs were concerned about vaccine safety (42, 43) . Nonetheless, this study shows that there is little overlap between local autism prevalence and the locations of the large pockets of PBEs.
Instead, racial homogeneity, measured by percent non-Hispanic white, has a uniquely strong association with large PBE clusters while other socio-demographic factors show more local effects. We speculate that spatially embedded network interactions are behind this result. Social networks can substantially influence health decisions (44). In particular, dense social networks are crucial to the adoption of rare or risky behaviors (45), and are often racially homophilous (46). Dense networks tend to be spatially clustered and thus can exacerbate the clustering of risky behaviors (47). Such endogenous processes of social influence also explain why neighborhoods similar in SES can have drastically different PBE rates. Anti-vaccine attitudes are notoriously difficult to change (48) 1.09 0.157 Fixed effects model, restricted to the years before and after the 1st charter school in the cluster opened 3 1.42*** 0.013 Note: 1 2-level random intercept negative binomial regression model, N=6,298 school-years (between 1992 and 2014) nested in the 316 non-charter public schools identified in spatial clusters of PBEs in 2014. Figure A2 . Spatial clusters of PBEs across public schools adjusted for all covariates, with charter schools removed, 2014
